During embryogenesis, the activated Torso receptor tyrosine kinase (TOR RTK) pathway activates tailless (tll) expression by a relief-ofrepression mechanism. Various lines of evidence have suggested that multiple factors are required for this repression. We show that Tramtrack69 (TTK69) binds to two sites within tll cis-regulatory DNA, TC2 and TC5, and that TTK69 is phosphorylated by mitogen activated protein kinase. In embryos lacking maternal ttk69 activity, the expression of both endogenous tll and lacZ driven by the tll minimal regulatory region (tll-MRR) are expanded. Further, in wild-type embryos, the tll-MRR mutated in TC5 drives uniform lacZ expression before late stage 4. We conclude that TTK69 is required for early (before the end of stage 4) repression of tll transcription. q
Introduction
Genetic and molecular data demonstrate that Torso (TOR), a receptor tyrosine kinase (RTK), is required to establish developmental pattern at both poles of the embryo (Shilo, 1992; Duffy and Perrimon, 1994; Bier, 1998; Ghiglione et al., 1999; Tan and Kim, 1999) . During early embryogenesis, uniformly distributed TOR is activated at the two termini of the embryo by locally activated, maternally encoded ligand (Casanova and Struhl, 1989; Sprenger et al., 1989; Stevens et al., 1990; Duffy and Perrimon, 1994; Casali and Casanova, 2001 ). The activated TOR receptor interacts with DRK and Son of Sevenless through Corkscrew to activate DRAS, and this leads to the activation of a series of serine/threonine kinases, in the order DRAF, DSOR-1 and DmERKA (reviewed by Duffy and Perrimon, 1994; Cleghon et al., 1998) . Activation of this pathway results in localized tailless (tll) expression at the two embryonic termini (Pignoni et al., 1992; Duffy and Perrimon, 1994) .
tll is one of the earliest activated zygotic genes; its activity is required for the formation of terminal structures (Strecker et al., 1988; Pignoni et al., 1990) . tll encodes a member of the nuclear receptor superfamily and regulates expression of a number of gap genes in the blastoderm stage embryo, e. g. Krüppel, knirps, and the posterior stripe of hunchback (Steingrimsson et al., 1991) . At stage 4 (syncytial blastoderm), tll expression is restricted to caps at both poles of embryo, 0-20 and 80-100% egg length (Pignoni et al., 1990) ; at the posterior pole, tll expression is regulated primarily by the TOR pathway (Pignoni et al., 1992) . By analysis of DNA sequence conservation between Drosophila melanogaster and Drosophila virilis, and lacZ expression patterns driven by various portions of the tll cisregulatory region, we identified a 186-bp tll minimal regulatory region (tll-MRR) that drives expression in two polar caps in response to TOR activation. Within the tll-MRR, we identified an 11-bp DNA sequence that mediates regulation by the TOR pathway; this was designated the tor Response Element (tor-RE) (Liaw et al., 1995) . Small deletions or base substitutions in the tor-RE resulted in expanded, and even uniform expression patterns; these resemble the endogenous tll expression pattern in embryos from mothers carrying a tor gain-of-function allele (Pignoni et al., 1992; Liaw et al., 1995) . Based on these data, a model of how the TOR pathway regulates tll expression was proposed (Liaw et al., 1995) . In the central domain of the embryo, where the TOR kinase is inactive, repressors bind to the tor-RE to attenuate tll transcription. At both poles of the embryo, where the TOR kinase is active and repressors are inactivated by the TOR pathway, tll expression is activated by globally distributed activators (Liaw et al., 1995) .
The repression of tll that is relieved by activation of the TOR pathway appears to require multiple factors, not all of which have been identified. By column chromatography, the transcription factors NTF-1 and GAGA were found to bind to the tor-RE (Liaw et al., 1995) . Removal of NTF-1 function (encoded by the grainyhead gene), however, has only a modest effect on relieving tll repression in the central domain of the embryo (Liaw et al., 1995) . A similar effect is observed when maternal activity of capicua (cic) is removed (Jimenez et al., 2000) . A stronger (but still incomplete) derepression of tll is seen in embryos lacking activity of Groucho, a global co-repressor which does not itself bind to DNA (Paroush et al., 1997) .
That there are DNA-binding repressors in addition to those functioning through the tor-RE is suggested by comparison of the repressive function of the tor-RE alone and the 'extended' tll-MRR (the tll-MRR plus 51 bp upstream, designated tll-MRRe; Fig. 1A ). Like the tll-MRR, the tll-MRRe drives lacZ in a pattern that mimics the early spatial and temporal expression pattern of endogenous tll (Liaw et al., 1993) . While the tll-MRRe acts as a silencer for the heterologous promoter Krüppel, the tor-RE alone does not (Liaw et al., 1995) . Thus, there must be repressors that function on the tll-MRRe, but not on the tor-RE.
As is described here, analysis of the tll-MRRe for binding sites of known transcriptional regulators identifies Tramtrack69 (TTK69) as a candidate repressor. The ttk gene encodes two alternatively spliced isoforms, TTK69 and TTK88; ttk mRNA is contributed maternally to the Drosophila embryo . TTK69 and TTK88 share a common BTB/POZ (Broad complex, Tramtrack, Bric-a-brac/Pox virus and zinc finger) domain at their N-termini; the C-terminus of each protein possesses an alternative set of zinc fingers, resulting in a distinct DNA binding sequence for each form (Godt et al., 1993 ; reviewed by Albagli et al., 1995) . During embryogenesis, TTK69 acts as a transcriptional repressor to control spatial and temporal expression of the even-skipped (eve), odd-skipped, hairy and runt genes (Harrison and Travers, 1990; Brown et al., 1991; Brown and Wu, 1993) . When ttk69 is driven uniformly throughout the early embryo, TTK69 protein levels are reduced at the poles of the embryo (where TOR RTK is active) Brown and Wu, 1993) . In the developing eye, TTK69 is downregulated by RTK signaling Lai and Li, 1999; Hirota et al., 1999; Wen et al., 2000) . Taking all these factors in to account, these results suggest that TOR RTK may downregulate ttk69 activity. As a transcriptional repressor that might be modulated by TOR RTK activity, TTK69 is thus an attractive candidate for the regulation of tll expression in the early embryo.
Here, we demonstrate that TTK69 binds in vitro to a site present in both the tll-MRR and tll-MRRe, and to an additional site present only in the tll-MRRe. Consistent with the idea that TTK69 functions as a repressor, embryos lacking maternal ttk69 activity show expansion in early expression of the endogenous tll gene. Base substitutions in the TTK69 binding site of the tll-MRR result in derepression of the lacZ reporter gene, further supporting a repressive role for TTK69 in tll regulation. Finally, in vitro protein phosphorylation reveals that TTK69 is a direct target of mitogen activated protein (MAP) kinase, consistent with the role of the tor RTK pathway in tll regulation.
Results

Putative TTK69 binding sites in the vicinity of the tor-RE
We showed previously that the tll-MRRe drives lacZ expression in a TOR-responsive pattern that mimics early (Liaw et al., 1993 (Liaw et al., , 1995 are indicated by lines below the top line. The 186-bp tll minimal regulatory region (tll-MRR), used to generate construct G11, was defined by Liaw et al. (1995) . (B) DNA sequences of putative TTK69 binding sites and two tor-REs. Numbers on either side of the sequences indicate position relative to the 11 position in the NcoI site. The binding consensus sequences (CS) of TTK69 derived from the eve and ftz upstream regulatory region are also shown.
tll expression (G2 in Fig. 1A ; Liaw et al., 1993) . We analyzed this region with the TFSEARCH program (Heinemeyer et al., 1998) to identify binding sites for known transcription factors that might be involved in regulation of tll expression; two putative TTK69 binding sites were found, designated TC2 and TC5 (Fig. 1 ). These two sites are similar to the TTK69 consensus binding sites identified in the eve gene (GGTCCTGC, Read et al., 1990) and in the fushi tarazu ( ftz) zebra element (AnGTCCTnGCA, Brown et al., 1991) . TTK69 binding sequences from both eve and ftz regulatory regions share a core sequence, TCCT (Read et al., 1990; Brown et al., 1991) . Three additional sites containing the core sequence were found in the tll-MRRe fragment, designated TC1, TC3 and TC4 (Fig. 1) .
We previously identified an 11-bp sequence in the tll-MRR, designated the tor-RE, that is essential for tll repression (Liaw et al., 1995) . The tll-MRR drives TOR-responsive lacZ expression; a truncated tll-MRR (lacking the tor-RE) drives uniform lacZ expression ( Fig. 1A ; cf. G11 and G14) (Liaw et al., 1995) . We have identified an additional tor-RE-like sequence (75% identical to the original tor-RE) in tll-MRRe; we designate this the tor-REb, and the originally described sequence the tor-REa (Fig. 1A) . The clustering of putative TTK69 binding sites on either side of the torREs (Fig. 1A) suggests that TTK69 might play a role in tor-RE-mediated repression. When TC2 alone is added to the truncated tll-MRR (G14, Fig. 1A ), lacZ expression is uniform (G32, Fig. 1A ). However, addition of a region containing TC1, tor-REb, and TC2 to the truncated tll-MRR partially restores the repression activity (G31, Fig.  1A ; Liaw et al., 1995) . These results show that the torREb-containing region has partial repression activity.
TTK69 is a substrate for MAP kinase (ERKA)
If TTK69 acts as a repressor to regulate tll expression, it might be a substrate for the MAP kinase that is activated by the TOR pathway. To test this idea, purified bacterially expressed TTK69 was incubated with activated extracellular signal-regulated kinase A (ERKA) and g-[
32 P]ATP. Myelin basic protein (MBP) and glutathione-S-transferase were used as positive and negative controls, respectively. The results in Fig. 2 show that both TTK69 and myelin basic protein, but not glutathione-S-transferase, are phosphorylated by MAP kinase (lanes T, M, and G). Densitometry of the autoradiogram indicates that approximately nine times more radioactivity was incorporated into MBP than TTK69 in this experiment. By normalizing to the relative number of molecules of MBP and TTK69 loaded on the gel, and making the assumption that the sites in TTK69 are phosphorylated at the same rate as the four putative phosphorylation sites in MBP, we conclude that, in this assay, approximately two phosphates are added per TTK69 molecule. These results demonstrate that, at least in vitro, TTK69 is a direct target of MAP kinase.
TTK69 is a transcriptional repressor of tll
The activity of TTK69 as a repressor of several segmentation genes (Brown et al., 1991; Brown and Wu, 1993; Guo et al., 1995; Giesen et al., 1997; Ramaekers et al., 1997) , considered together with the presence of putative TTK69 binding sites flanking each tor-RE, suggests that TTK69 might act as a repressor of tll. To investigate this possibility, we performed both in vitro DNA binding experiments with TTK69 and characterized in vivo expression driven by the tll regulatory region in embryos lacking TTK69 activity.
TTK69 binds specifically to two sites in the tll-MRRe region
To test binding of TTK69 to the TC3, TC4, and TC5 sites, the 186-bp tll-MRR (G11, Fig. 1A ) was labeled with [ 32 P] at one end and used as probe in DNaseI footprinting experiments with purified bacterially expressed TTK69. The results show that TC5, but not TC3 and TC4, is protected from DNaseI digestion by TTK69 (Fig. 3A) . To test binding of TTK69 to sites TC1 and TC2, synthetic double-stranded DNA containing each site was used as probe in an electrophoretic mobility shift assay (EMSA). The results in Fig. 3B show that the intensity of the shifted band is reduced in the presence of wild-type, but not mutated competitor (lanes 2 and 3 vs. 4, 5 in Fig. 3B ). For TC1, no band shifts were seen (data not shown). These results show that, in vitro, TTK69 binds specifically to TC2 and TC5, consistent with the greater similarity (relative to TC1, TC3, and TC4) between TC2 and TC5 and previously identified TTK69 binding sites (Fig. 1B) . 32 P]ATP. These proteins were separated in a 10% SDS gel which was autoradiographed. Protein sizes in kDa are labeled on the left (rainbow marker from BioRad, Hercules, CA); the position of TTK69 is indicated by an arrow.
Maternal ttk69 activity is required for repression of tll expression during early stage 4
The ttk osn allele, which results in an absence of ttk69 mRNA and a reduction in ttk88 activity (Guo et al., 1995) , provides an opportunity to test whether TTK69 controls tll expression in vivo. Since ttk69 mRNA is provided maternally, the effect of TTK69 on tll expression can only be tested by generation of germ-line clones lacking ttk69 activity (Chou et al., 1993) . In contrast to wild-type embryos, in which tll expression is restricted to both poles (Fig. 4A) , embryos lacking maternal ttk69 activity show variably expanded tll expression patterns at early stage 4 (Fig. 4C) . By late stage 4, these expanded patterns have retreated toward the poles (Fig. 4D) . By the middle of stage 5, the expression pattern is similar to that seen for endogenous tll in the wild-type embryo at late stage 4 (Fig. 4B, I ). The derepression seen in early stage 4 embryos demonstrates that TTK69 plays a required role in tll repression; the reestablishment of repression by stage 5 shows that this role is limited to stage 4 and the earlier stages.
To locate elements responding to TTK69, we examined the lacZ expression pattern driven by the tll-MRR in wildtype embryos and in embryos lacking maternal ttk69 activity. In wild-type embryos, the construct G11 (the tll-MRR fused to lacZ) drives expression in two terminal caps (Fig.  4E, F) . In the absence of maternal ttk69 activity, the tll-MRR drives uniform lacZ expression in embryos at early stage 4 (Fig. 4G) ; the two-cap expression pattern is observed by late stage 4 (Fig. 4H) . These lacZ expression patterns are consistent with tll expression patterns in embryos lacking maternal ttk69 activity (Fig. 4C, D) , and strongly suggest that the tll-MRR contains a site that responds to TTK69 repression. We observe a lower level of expression of lacZ driven by tll-MRR than that of endogenous tll (Fig.  4E , F vs. Fig. 4A, B) ; it is likely that tll-MRR lacks some activation elements. Consistent with this idea, repression in embryos lacking ttk69 is reestablished more quickly for the lacZ driven by tll-MRR than that driven by endogenous tll (Fig. 4 , cf. H with D).
TTK69 functions through TC5 in the tll-MRR
Among the three putative TTK69 binding sites in the tll-MRR, only TC5 is protected from DNaseI digestion by TTK69 (Fig. 3A) . Therefore, it is likely that the demonstrated effect of TTK69 on the tll-MRR is through TC5. To test this hypothesis, base substitutions in the TC5 site of the tll-MRR were made to generate construct G55 (Fig.  5A ). This construct drives uniform lacZ expression at early Fig. 4 . Expanded tll and lacZ expression in embryos lacking maternal ttk69 activity. Virgin females heterozygous for P{w 1MC ¼ FRT}82B ovo D1 and P{w 1MC ¼ FRT}82B ttk osn1 were collected from the ttk69 germ-line clone experiment and crossed to males carrying the G11 construct (Fig. 5A) . Distribution of endogenous tll (panels A-D and I) and lacZ (panels E-H) mRNAs in wild-type embryos (panels A,B,E and F) and embryos lacking maternal ttk69 activity (panels C,D,G,H and I) was determined by in situ hybridization. Panels A,C,E and G show embryos at early stage 4 and panels B,D,F and H show embryos at late stage 4. Panel I shows a stage 5 embryo. Embryos are shown in lateral view with anterior toward the left. , and an increasing amount of TTK69, 2 ml (lane 2), 5 ml (lane 3) or 15 ml (lane 4), was added to the reactions. DNaseI-treated DNA fragments were separated in a 7 M urea, 10% polyacrylamide gel which was autoradiographed. Locations of the TC3, TC4, tor-REa, and TC5 sites are indicated. (B) For EMSA, TTK69 was mixed with a [ 32 P]-labeled double-stranded DNA fragment containing TC2 at the middle (DNA sequence given in Section 4). Competitor DNAs used were wild type (wt; 16-and 32-fold excess in lanes 2 and 3) or mutated (m; 32-and 80-fold excess in lanes 4 and 5). The reaction mixtures were electrophoresed on a 4% native polyacrylamide gel which was autoradiographed. stage 4; the two-cap pattern is established by late stage 4 (Fig. 5H, I ), very similar to G11 lacZ expression in embryos lacking ttk69 activity. The contrast between this two-cap pattern and the uniform lacZ expression driven by tll-MRR with a mutated tor-REa (Fig. 5 , cf. G with I) indicates that the tor-REa is essential for establishment of the repression, while TTK69 plays an accessory role.
Although the TC4 site is not protected from DNaseI digestion by TTK69, the similarity of this site to the TTK69 consensus binding sequence derived from the ftz gene ( Fig. 1B ; Brown et al., 1991) suggests that it might be involved in regulation by TTK69. To test this, most of the nucleotides of TC4 were substituted to generate a mutant tll-MRR-lacZ construct, G51 (Fig. 5A) ; this drives uniform lacZ expression at both early and late stage 4 (Fig. 5B, C) . Since the TC4 and tor-REa sequences partially overlap (Fig. 1B), the uniform expression pattern observed for construct G51 might result from the base substitutions in tor-REa. Therefore, base substitutions were introduced that would disrupt only the TCCT core sequence or only tor-REa, giving rise to constructs G52 and G53, respectively (Fig.  5A ). The lacZ expression driven by these two constructs reveals that base substitutions in the TC4 core sequence alone have no effect (Fig. 5D, E) , while base substitutions in tor-REa result in expression patterns identical to those driven by construct G51 at stage 4 (Fig. 5F, G) . These results indicate that TC4 does not participate in the repression of tll expression. In summary, the data presented here demonstrate that, in the context of the tll-MRR, TC5 is an essential element mediating repression. Further, TTK69, which binds to TC5 in vitro, is required for initiation of tll repression in vivo.
Discussion
In the absence of activation of the TOR RTK pathway, tll is repressed throughout the embryo (Liaw et al., 1995; Paroush et al., 1997; Jimenez et al., 2000) . Several lines of evidence presented here indicate that TTK69 plays a role in this repression, and that its repressive effect is down-regulated by TOR RTK signaling. First, TTK69 activity is required to repress both endogenous tll expression and lacZ expression mediated by the tll-MRR. Second, TTK69 binds to two sites in the tll MRRe, TC2 and TC5. Third, mutation in TC5 causes the tll-MRR to drive uniform early expression of lacZ. Finally, TTK69 is phosphorylated in vitro by MAPK, a target of the TOR pathway. Our data indicate that TTK69 functions early during the period when tll is repressed in the central domain of the embryo, i.e. before and during embryonic stage 4.
TTK69 has been shown to act as a transcriptional repressor in a number of contexts during Drosophila development. TTK69 was first identified by its binding to a repression element in the upstream enhancer of the ftz gene, and subsequently shown to act as a transcriptional repressor to regulate expression of additional pair-rule genes, namely eve, odd-skipped, runt and hairy (Harrison and Travers, 1990; Brown et al., 1991; Brown and Wu, 1993) . Later in development, TTK69 acts as an inhibitory regulator to down-regulate the cellular response to neuralising signals (reviewed by Badenhorst et al., 1996) . In the developing eye, TTK69 inhibits photoreceptor cell fate by interacting with and enhancing the activity of the general repressor Yan (Rebay and Rubin, 1995; Lai et al., 1997; Lai and Li, 1999) . The function of TTK69 as a repressor of tll activity in the early embryo is thus consistent with other described roles of the protein during Drosophila development.
Numerous comprehensive in vivo studies of cis-regulatory regions, such as that of the sea urchin Endo16 gene (Arnone et al., 1997; Yuh et al., 1998) , and those of the Drosophila eve (Arnosti et al., 1996) , ftz (Yu et al., 1999) , and D-pax2 genes (Flores et al., 2000) , have established that combinations of multiple transcription factors are important for gene expression. Similarly, the repression of tll that is alleviated by activation of the TOR RTK pathway appears to involve multiple factors, and not one of these factors provide the basis for full repression. We showed previously that GAGA and NTF-1 bind to tor-REa; genetic analysis of the required role of NTF-1 shows that it contributes only a minor fraction to tll repression (Liaw et al., 1995) . Groucho (GRO), a transcriptional co-repressor (Delidakis et al., 1991; Tata and Hartley, 1993) , has been shown to act downstream of the Ras/Raf pathway to control tll expression; loss of gro activity results in expanded, but not uniform tll expression (Paroush et al., 1997) . Another protein demonstrated genetically to be required for tll repression is CIC; similar to what has been found for GRO, removal of maternal cic activity results in expanded, but not uniform tll expression (Jimenez et al., 2000) . In the work described here, we have shown that TTK69 is required for tll repression in vivo and binds to the tll regulatory region in vitro. Thus there are presently at least five known proteins -GAGA, NTF-1, GRO, CIC, and TTK69 -that appear to play a role in the TOR RTK-modulated repression of tll.
Protein interaction studies suggest that at least some of these proteins are part of a larger complex that represses tll. CIC and GRO have been shown to interact with each other in vitro (Jimenez et al., 2000) . In addition to interacting with each other directly, some of the described tll repressors are likely to be associated with each other through their interactions with other proteins. Both GRO and TTK69 have been shown to interact with histone deacetylase RPD3; in addition, TTK69 interacts with the co-repressors CtBP and Sin3A (Chen and Courey, 2000; Wen et al., 2000) . Therefore, in addition to the transcriptional regulators with a described role in tll repression, RPD3, CtBP and Sin3A may also be involved in the tor-modulated repression of tll, and are possible members of a multiprotein tll repression complex.
Several features of the organization of binding sites in the tll-MRRe lend further support to the idea of a tll repression complex. First, at either end of the tll-MRRe, there is a tor-RE flanked on one side by a demonstrated TTK69 binding site and on the other by a TTK69 core binding site (although these core sites did not bind TTK69 in our in vitro studies, they might do so in vivo, in the presence of other transcriptional regulators), suggesting that adjacent binding sites may promote functional interactions between TTK69 and transcription factors binding to tor-RE (tor-REB). Secondly, tll-MRR with base substitution in either torREa or TC5 drives uniform lacZ expression during early stage 4 (Fig. 5F, H) , indicating that both tor-REa and TC5 are required for repression. Thirdly, we have shown previously that the tor-REb containing region, including TC2, has partial repression activity (Liaw et al., 1995) ; whether this repression activity is a function of tor-REb, TC2, or both sites remains to be determined.
Assembly of the repression complex must involve bind-ing of proteins (possibly including GAGA and/or NTF-1) to tor-RE, since repression cannot be established in the absence of this site. Since tll expression is observed only at the poles of the embryo 90 min after fertilization (Pignoni et al., 1990) , the repression complex must be assembled by this time. TTK69 is likely to play an accessory role in establishing the complex, but is not absolutely required (since repression can be established later in the absence of TTK69). TTK69 presumably binds to TC5 and may also interact with other proteins, such as GAGA or other BTB domain proteins (since the BTB domain proteins tend to form multimeric aggregates) (Albagli et al., 1995) . Consistent with the detection of TTK69 uniformly throughout stage 3, but not in stage 5 embryos (Harrison and Travers, 1990; , TTK69 is assumed to be displaced from the repression complex by late stage 4 and degraded.
Since we were able to obtain eggs from germline clones of ttk osn , but not ttk le11 , it could be argued that ttk osn is not a null allele (Guo et al., 1995; G.J.L. unpublished data) . Nevertheless, the re-establishment of repression in embryos from ttk osn germline clones (comparing Fig. 4B with Fig.  4D, I ) is unlikely to be due to residual activity of the ttk osn allele, since repression is not reestablished until stage 5, when TTK69 is no longer detectable in the embryo (Harrison and Travers, 1990; . These repressors acting during late stage 4 most likely include GRO and CIC (Paroush et al., 1997; Jimenez et al., 2000) .
Multiple lines of genetic and biochemical evidence converge to support the idea that TTK69 is regulated by RTK pathway activity. When ttk69 is ectopically expressed in the early embryo, the level of TTK69 is reduced at the poles of the embryo, where the TOR pathway is active Brown and Wu, 1993; Ghiglione et al., 1999) . Genetic analysis in the developing eye has shown that repression activity of TTK69 is regulated by an RTK pathway (Lai and Li, 1999; Wen et al., 2000) . Further, uniform expression in the developing eye of a constitutively active ras, ras V12 , causes a dramatic reduction in TTK69 levels, suggesting that TTK69 is degraded where ras is active . Our demonstration that TTK69 is phosphorylated by MAP kinase provides further in vitro evidence to support the notion that the activity of TTK69 is modulated by RTK signaling. Phosphorylation of TTK69 might lead to its degradation by a pathway similar to that described for its isoform TTK88. Degradation of TTK88 is initiated when it complexes with Phyllopod (PHYL) and Seven In Absentia (SINA); SINA interacts with a ubiquitin conjugating enzyme UBCD1, resulting in ubiquitination of TTK88 and its targeting for proteolytic destruction (Treier et al., 1992; Hu et al., 1995; Li et al., 1997; Tang et al., 1997) . The conjugation of TTK69 with dSMT3, a ubiquitinlike protein, has been shown to be correlated, both in vitro and in vivo, with the extent of TTK69 phosphorylation (Lehembre et al., 2000) . We conclude that the activation of tll expression at the poles of the embryo is mediated in part by MAP kinase inactivation of TTK69 repression. ), from the Bloomington Stock Center were used in the germ-line clone experiments (Chou et al., 1993) . From the first stock and ttk osn (obtained from Y.-N. Jan), a P{ry 1t7.2 ¼ neoFRT}82B ttk osn line was generated by meiotic recombination. The second stock was crossed with a line carrying the heat-shock-flippase construct. A heat shock (378C for 30 min) was applied to late third instar larvae for induction of mitotic recombination. Virgin females heterozygous for P{ry 1t7.2 ¼ neoFRT}82B ttk osn and P{ry 1t7.2 ¼ neoFRT} 82B ovo D1 were collected and mated with transgenic males carrying the G11 construct (Fig. 5A ). Embryos were collected and expression patterns were determined using in situ hybridization (Tautz and Pfeifle, 1989) with antisense lacZ or tll RNAs labeled with digoxigenin (Roche Molecular Biochemicals, Mannheim, Germany). Embryonic stages were determined according to Campos-Ortega and Hartenstein (1997) .
Bacterially expressed TTK69 protein
The ttk69 coding sequence was amplified from pNB408 (Brown and Kafatos, 1988) using the polymerase chain reaction. The primers were CTTCAAGGTACCTCAA-CGCTTCTGCCTGC (5 0 primer) and TCCCAGAAGCT-TACTGCGCCGCAGCTGC (3 0 primer). The italicized characters indicate restriction enzyme sites, KpnI and HindIII, respectively. To create a convenient restriction enzyme site and to make the ttk69 coding sequence in frame with the histidine tag, the first five amino acid residues were left out. The amplified DNA fragment was digested with both KpnI and HindIII and inserted into pBluescript (Stratagene Inc., San Diego, CA) to verify the DNA sequence by the chain termination method (Sanger et al., 1977) . Two clones were selected and subsequently inserted into the KpnI and HindIII sites of the expression vector pRSET-C (Invitrogen, Inc., San Diego, CA). Histagged TTK69 was synthesized in Escherichia coli and, since it could not be purified by Ni affinity chromatography, was purified by SP-Sepharose column chromatography (Studier and Moffatt, 1986; Studier et al., 1990) .
Electromobility shift assays and DNaseI footprinting
Two 34-mer complementary oligonucleotides with TC2 at the middle (CATTAACAACTGTCGCAGGACGGGCA-GAGATTCT; Fig. 1B) were synthesized, labeled with g[ 32 P]-ATP and polynucleotide kinase, and then annealed to each other to form a double-stranded DNA fragment that served as probe. The two competitor DNAs were 33-bp DNA fragments containing TC5 either with or without base substitutions, i.e. either GCAGG or TAAAT. The [ 32 P]-labeled probe, either with or without competitor DNAs, was mixed with varying amounts of purified TTK69 in reaction buffer containing 10 mM HEPES pH7.6, 50 mM KCl, 6 mM b-mercaptoethanol, 3 mM MgCl 2 , 12 ng salmon sperm DNA, 1 mM ethylene diamine tetraacetic acid (EDTA), and 10% glycerol. Binding reactions were carried out on ice for 15 min before loading onto a 4% polyacrylamide gel in TGE buffer. DNA-protein complexes were visualized by autoradiography (Ausubel et al., 1994) .
DNaseI footprinting experiments were performed as described by Kadonaga et al. (1987) , using the tll MRR ( Fig. 1A ; Liaw et al., 1995) labeled with g[ 32 P]-ATP and polynucleotide kinase at the BstNI end as probe (Ausubel et al., 1994) .
Protein phosphorylation
Purified TTK69, glutathione-S-transferase, and myelin basic protein (Sigma, St. Louis, MO) were incubated with activated ERKA (New England Biolabs, Inc., Beverly, MA) and g[ 32 P]ATP in the presence of a buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 0.1 mM EDTA, 1 mM DTT and 0.01% Brij 35) at 308C for 30 min, then subjected to SDS gel electrophoresis and autoradiography to visualize the phosphorylated proteins. The intensity of bands was measured using the Personal Densitometer, Molecular Dynamics, Amersham Biosciences, Sweden.
Site directed mutagenesis
A DNA fragment carrying four tandem repeats of the minimal tll promoter was excised from plasmid oligoA11, the precursor plasmid for construct G11 as described by Liaw et al. (1995) , and inserted into pALTER-1 (Promega Co., Madison, WI). Four 30-base oligonucleotides with various base substitutions in the middle were synthesized (see construct G51, G52, G53 and G55 in Fig. 5A) ; each base substitution contained either a DraI or HpaI site convenient for subsequent screening. Site directed mutagenesis was performed using the protocol provided with the pALTER-1 vector. Clones carrying base substitutions in all four copies were selected and confirmed by DNA sequencing (Sanger et al., 1977) . DNA fragments were excised from the selected clones and inserted into a Pelement vector, PwHZ128 (Liaw et al., 1993) .
